It is increasingly important that we learn how to fabricate materials in environmentally friendly ways using common resources that are abundant in nature. Biomineralization, the process by which living organisms create a variety of sophisticated composites, such as bone and shell, is an ideal model for such fabrication. This article reviews recent progress toward the synthesis of polymer-inorganic composite materials inspired by biomineralization. In particular, three reaction systems are focused upon: (1) polymer-calcium carbonate thin film composites synthesized by interaction among insoluble polymer, soluble acidic polymer, and inorganic ions, (2) polymer nanogel-calcium phosphate composite nanoparticles synthesized on scaffolds of hydrogel nanoparticles and (3) colloidal silica nanoparticles made to self-assemble into anisotropic chain-like structures by interaction with block copolymers. All these reaction systems involve aqueous environments at ambient temperature and pressure.
INTRODUCTION
Materials fabrication in an environmentally friendly, energy-efficient manner is an urgent imperative in today's society. Nature's ingenious methods of materials synthesis, wherein living organisms create a variety of sophisticated bio-architectures in water-based systems at ambient temperature and pressure, is an ideal model to pursue. Biominerals, such as seashells, bone, coccoliths, and diatoms, are excellent examples of bio-architectures. [1] [2] [3] [4] [5] Seashell nacre has a brickand-mortar structure of plate-like calcium carbonate (CaCO 3 ) and thin sheets of protein-polysaccharide matrix. 4 In addition, bone has a hierarchical structure of oriented crystals of calcium phosphate and collagen fibrils. 5 The key to biomineralization processes is the interaction among organic molecules, polymers and inorganic ions, which unite into highly organized hybrid bio-architectures. [1] [2] [3] [4] [5] Although the overall process of biomineralization is too complicated to mimic in its entirety, materials scientists can learn the molecular-control approach as the essence of the process, and integrate it with modern technology. 1, 3, [6] [7] [8] In this manuscript, three of the bio-inspired approaches to the construction of nanostructured polymerinorganic composite materials in mild aqueous systems are reviewed.
POLYMER-CaCO 3 THIN FILM COMPOSITE MATERIALS
CaCO 3 is one of the most abundant minerals on earth. Many living organisms use CaCO 3 for protection in the form of shells or exoskeletons. Seashell nacre is a particularly well-designed biomineral. 4 Nacre is formed by crystallization of CaCO 3 in the preformed compartments of an insoluble matrix (chitin/silk fibroin-like proteins) in the presence of water-soluble acidic proteins ( Figures  1a and b) . CaCO 3 nucleation and crystal growth are finely controlled by the interaction between calcium ions and organic components, and results in the formation of plate-like CaCO 3 crystals with controlled polymorph and crystallographic orientation. The plate-like CaCO 3 crystals are composed of bridged nanocrystals that have a similar orientation. 9 The cooperative involvement of insoluble and soluble macromolecules during crystallization of inorganic compounds seems to be a general strategy in biomineralization. 1 Nacre formation was mimicked by Kato et al. [10] [11] [12] [13] [14] to synthesize polymer-CaCO 3 thin film composites. The combination of an insoluble solid matrix with soluble acidic macromolecules induces thin film crystallization of CaCO 3 on the matrix (Figures 1c and d) . For the insoluble solid matrix, the researchers chose chitin, chitosan and cellulose, which contain functional groups such as OH and NH moieties. For the soluble acidic macromolecules, they chose poly (acrylic acid) (PAA), poly(glutamic acid) (PGlu) and poly(aspartic acid) (PAsp). A supersaturated solution of CaCO 3 was prepared by dissolving CaCO 3 powder in water while carbon dioxide (CO 2 ) gas was introduced. A solid matrix was prepared by spin coating the polymer solution on a glass substrate. The matrix was then immersed in a supersaturated solution of CaCO 3 ([Ca 2 þ ] B8 mM, 30 1C) containing soluble polymer. Slow release of CO 2 from the solution accompanied precipitation of CaCO 3 according to the following equation:
CaCO 3 crystallization began at multiple nucleation sites on the matrix surface, and by 20 h it had spread over the entire matrix. The resulting CaCO 3 film, o1-mm thick, was composed of nanocrystals about 10-20 nm in size. 15 Significantly, only a small amount of soluble polymer was needed to achieve thin film crystallization; for example, PAA gave a CaCO 3 thin film on a chitosan matrix at concentrations in the range from 2.4 Â 10 À4 to 1.0 Â 10 À2 wt%. 14 The likely mechanism of this thin film formation is as follows: the polysaccharide OH and NH moieties interact with the acidic macromolecule carboxylates in solution and results in adsorption of the macromolecules onto the matrix surface. The macromolecules then bind calcium ions to result in a high local concentration of calcium ions on the matrix surface, which induces nucleation of CaCO 3 . Homogeneous nucleation of CaCO 3 in solution is inhibited by the acidic polymers dissolved in the crystallization medium. On the basis of these findings by Kato et al., a variety of CaCO 3 /polymer composites with controlled structures are prepared as described below.
CaCO 3 thin films with controlled polymorphs CaCO 3 has three crystalline polymorphs: calcite, aragonite and vaterite. Of these, thermodynamically, calcite is most stable and vaterite is least stable. An amorphous form of CaCO 3 (ACC) also exists. Polymorph control of CaCO 3 is a significant aspect of biomineralization. For example, a mollusk shell's nacre consists of aragonite, whereas its outer layer consists of calcite. ACC is stabilized in the exoskeleton of crustaceans. As each polymorph has different physical properties, organisms employ the most suitable polymorph for the required purpose. Polymorph control of CaCO 3 during fabrication of CaCO 3 -containing composite materials is also important from the viewpoint of materials science. Accordingly, aragonite CaCO 3 thin films on solid matrices that resemble partial lamellar sheets of nacre have been prepared by the following two methods.
The first method of aragonite thin film preparation exploits the known capability of magnesium ion (Mg 2 þ ) to facilitate aragonite formation by inhibiting the crystal growth of other polymorphs. 16 (Figure 2b ). The rate of crystal growth is twice as slow in the presence of Mg 2 þ as in its absence; it takes about 40 h for aragonite films to fully cover the chitosan surface because this method exploits the inhibition effect of calcite and vaterite.
The second method of thin film preparation exploits the fact that aragonite thin films can be obtained using the template effect of polymers without the presence of Mg 2 þ . Crystalline poly(vinyl alcohol) (PVA) has a suitable structure for this purpose, with the distance between its hydroxyl groups almost equal to the distance between calcium ions in aragonite's ab plane. Crystalline PVA matrix has been obtained by annealing PVA film at 200 1C for 30 min. An aragonite thin film has been formed on PVA matrix with the aid of PAA. 20 It is speculated that PAA adsorbed on crystalline PVA can partially form aligned carboxylic acid moieties because PAA and PVA have common main-chain structures. The aligned and partially deprotonated COOH groups might act as templates for aragonite formation by interacting with Ca 2 þ . Interestingly, vaterite forms when PGlu is used instead of PAA. PGlu may not provide aligned COOH groups due to a mismatch in the backbone structures of PGlu and PVA.
CaCO 3 thin film composite with patterned structure Morphological control for CaCO 3 films has been achieved using a soft-gel matrix as a thin solid matrix. [21] [22] [23] [24] The hydrophobized polysaccharide cholesterol-bearing pullulan (CHP) has been used as a soft-gel matrix for CaCO 3 crystallization (Figure 3a) . 21, 22 Akiyoshi et al. 25 reported that CHPs form hydrogels in water due to association of the cholesteryl groups, which function as physical crosslinking points. CHP matrix was immersed in calcium chloride solution ([Ca 2 þ ] ¼ 10 mM, 201C) containing PAA (2.4 Â 10 À3 wt%). Crystallization was induced by diffusion of ammonium carbonate vapor into calcium chloride solution for 2 days. Surprisingly, calcite films with periodic surface-relief structures formed on the CHP matrix in the presence of PAA (Figures 3b and c) . 21, 22 As such relief structures function as diffraction gratings, the calcite film appears iridescent in color under irradiation with white light. It is assumed that this periodic pattern formation is a result of self-organization in reaction-diffusion systems where competition between precipitation and ion diffusion exists. Indeed, such behavior is usually observed in gel media. This assumption is consistent with the fact that pattern formation is greatly influenced by temperature (which affects the rate of both crystal growth and ion diffusion) and by the substitution degree of cholesterol in CHP that is needed to alter the crosslinking degree of the matrix (which affects the rate of ion diffusion).
PVA is suitable for use as a gel matrix because its crosslinking degree is easily tuned by changes in annealing time. For example, a PVA matrix annealed at 200 1C for 10 min swells in water to twice the extent as does one annealed for 60 min. Similarly, in the presence of PAA (2.4 Â 10 À3 wt%), aragonite thin films with concentric ring patterns form on a PVA matrix annealed for 10 min, whereas films with dendritic patterns form on a PVA matrix annealed for 60 min. 23 Further increase in annealing time to 120 min results in formation of concentric calcite films.
CaCO 3 pattern generation in a spontaneous two-step growth process is also observed on a PVA gel matrix (Figure 4a ). 24 A thinner PVA matrix treated at 180 1C for 30 min is used here.
In the first step, flat calcite thin film crystals grow on the PVA matrix, with their c-axis orientations changing periodically between perpendicular and parallel to one another (Figures 4b and c) . In the second step, during prolonged incubation, needle-like crystals grow on the preformed thin film crystals (Figures 4d and e) . The orientations of the c-axes of the needle-like crystals change periodically according to the c-axes of the underlying thin film crystals and results in formation of relief structures.
Sakamoto et al. 26 reported the site-controlled formation of patterned CaCO 3 films using a PVA derivative bearing photocrosslinkable moieties as a gel matrix. The matrix is chemically crosslinked by irradiation with ultraviolet light. In the presence of PAA, a flat CaCO 3 film forms on a ultraviolet-irradiated matrix while a film with a relief structure forms on a nonirradiated matrix. Photopatterning of the matrix enables site-selective formation of CaCO 3 reliefs on the matrix with single-micrometer resolution.
Recently, Yamamoto et al. 27 have employed a three-dimensional gel matrix composed of liquid-crystalline chitin whiskers to obtain CaCO 3 hybrid materials. Three-dimensionally ordered CaCO 3 structures are formed in the cholesteric chitin gel, the arrangement of which resembles that in a crayfish exoskeleton.
Oriented CaCO 3 thin films
The crystallization system using insoluble and soluble macromolecules can be used to study the effect of biomineralization-involved protein on CaCO 3 crystallization. [28] [29] [30] The crayfish exoskeleton is a Bio-inspired polymer-inorganic composites A Sugawara-Narutaki fascinating biomineral because of its remarkable mechanical properties. It consists mainly of chitin/protein microfibrils and CaCO 3 (calcite and ACC). 31 Inoue et al. 32 isolated a calcificationassociated peptide-1 (CAP-1) from the exoskeleton of the crayfish Procambarus clarkii. CAP-1 is one of the soluble proteins present in the exoskeleton, and its amino-acid sequence has several unique features (Figure 5a ). It is a highly acidic peptide that includes a 70th phosphoserine (pS) and a C-terminal Asp-repeat. It also has a Rebers-Riddiford consensus sequence, which is postulated to be involved in protein-chitin interaction. The calcium-and chitinbinding capability of the peptide has been verified experimentally and it indicates that CAP-1 is a mediating peptide between CaCO 3 and organic matrices in calcified tissues. 33 Calcite thin films form in the presence of CAP-1 (3.0 Â 10 À3 wt%) on a chitin matrix. 28 The thin film is composed of nanocrystals with their c-axes oriented unidirectionally (Figures 5b-d) . Real-time observation of CaCO 3 crystallization by polarizing optical microscopy drove us to speculate that the oriented film forms via amorphous-tocrystalline transformation. Comparable experiments using recombinant peptides and synthetic peptide fragments of CAP-1 reveal the role of each CAP-1 domain: 28, 29 (1) rCAP-1, where the 70th pS is replaced with Ser, also gives oriented CaCO 3 thin films in which primary particle size (that of the nanocrystals comprising the thin film) increases. pS has a stronger inhibitory effect on CaCO 3 crystallization than does Ser and thus might stabilize ACC. (2) Both CAP-1 derivatives lack 17 amino acids at its C-terminal, and the peptide fragment pSSED 6 gives bulk crystals of CaCO 3 . Thus, both the Rebers-Riddiford consensus sequence and the C-terminal acidic domain are necessary to mediate association between CaCO 3 and chitin by inducing thin film crystallization of CaCO 3 .
Suzuki et al. 30 recently identified an acidic matrix protein, Pif, in the pearl oyster Pinctada fucata that specifically binds to CaCO 3 aragonite crystals. Crystallization experiments were performed in the presence of a chitin matrix spin-coated onto a glass substrate. The protein fraction containing Pif induced formation of aragonite thin film crystals between the chitin matrix and glass substrate. The c-axis of the film was perpendicular to the film plane, as in a nacreous layer. Control proteins did not give such characteristic crystals. These results strongly support that Pif is involved in the biomineralization of nacre.
Nishimura et al. 34 demonstrated that orientation control of CaCO 3 can be accomplished by the combination of a designed solid matrix and a simple acidic polymer, instead of using complex proteins or peptides. Macroscopically oriented polymer-CaCO 3 hybrids were obtained by using liquid-crystalline chitin derivatives as a solid matrix and PAA as a soluble polymer additive. Aligned rod-like CaCO 3 were grown in the oriented matrix, which was prepared by stretching the liquid-crystalline film of the chitin derivative.
POLYMER NANOGEL-CALCIUM PHOSPHATE COMPOSITE NANOPARTICLES Calcium phosphate, another important biomineral, is the major component of our bones and teeth. Materials based on calcium phosphate exhibit excellent biocompatibility and thus are of great interest as biomaterials. Polymer hydrogel nanoparticles (nanogels), another important class of materials, are effective for use in drug delivery systems. CHP (Figure 3a ) spontaneously forms nanogels, about 30 nm in size, in water by the association of hydrophobic cholesteryl groups. 25 Biomedical applications of CHP nanogels have been investigated, especially applications involving their use as drug delivery system carriers of proteins, drugs and semiconductor nanocrystals. 35 However, CHP nanogels are not very stable, especially in the bloodstream, because of their physical crosslinking structure. It is expected that a hybrid composite formed from calcium phosphate and nanogel may exhibit improved stability and controlled-release properties.
Nanogel-templated mineralization was performed in dilute aqueous solution of calcium phosphate at room temperature. [36] [37] [38] A crystallizing solution of calcium phosphate was prepared by dissolving hydroxyapatite (HAp; Ca 10 (PO 4 ) 6 (OH) 2 ) powder in acidified water by bubbling CO 2 gas. A suspension of CHP nanogels was added to the solution. The final concentrations of nanogels and [Ca 2 þ ] were 0.5 mg ml À1 and 0.8 mM, respectively. Formation of calcium phosphate is driven by the increase in solution pH from 5.6 to 7.9 with a concurrent loss of CO 2 gas because calcium phosphate is more insoluble at higher pH.
Amorphous calcium phosphate (ACP) particles about 30 nm in size were obtained in the presence of CHP nanogel (whose particle size is about equivalent) (Figure 6a ). 36 The calcium/phosphate (Ca/P) ratio in the ACP particles was 1.6, which is identical to that in the HAp starting solution. Aggregated ACP nanoparticles o20 nm in size formed in the presence of unmodified pullulan, which does not form nanogels because of its lack of hydrophobic groups (Figure 6b) . No obvious precipitation was observed in the absence of additives. These results indicate that CHP nanogels act as a scaffold for ACP formation. CHP-ACP hybrid nanoparticles are stable against aggregation or phase transformation in water for at least several months.
ACP composition can be controlled by the use of nanogels having anionic or cationic functional groups. 37 Accordingly, CHPs were modified with b-alanine and ethylenediamine, which have COOH and NH 2 groups, respectively. These groups are mostly negatively (COO À ) and positively (NH 3 þ ) charged under the present condition. ACP nanoparticles were also obtained by using those charged nanogels. The Ca/P ratios for the ACP nanoparticles are 2.9 for b-alanine-modified and 1.3 for ethylenediamine-modified nanogels, thus, suggesting that the ionic groups can interact with inorganic ions of opposite charges and accumulate them in the nanogels.
When the initial [Ca 2 þ ] was increased to 40.8 mM, HAp crystallized from solution. However, crystal size is difficult to control owing to heavy aggregation even in the presence of CHP nanogels or their ionic derivatives. The use of nanogels composed of cholesterolbearing mannan (CHM), a branching polysaccharide containing phosphodiester bonds (Figure 7a) , turns out to be effective for obtaining polymer-HAp hybrid nanoparticles of controlled size. 38 CHM formed self-assembled nanogels about 20 nm in size in water. In the presence of such CHM nanogels, ACP nanoparticles with a mean diameter of 19 nm formed just after the nanogel suspension and the crystallizing solution were mixed (Figure 7b ). They transformed into HAp crystals within 24 h and further crystal growth then proceeded. Finally, needle-shaped HAp crystals about 85 nm in length were obtained (Figure 7c) , which remained colloidally stable over several Bio-inspired polymer-inorganic composites A Sugawara-Narutaki months. Hybrid formation between CHM and HAp was confirmed by addition of Concanavalin A (ConA), a lectin protein that binds to specific structures found in mannose sugars. If CHM polymer chains were to be exposed on the outer surfaces of hybrid nanoparticles, they would interact with ConA and aggregate in the suspension because ConA has four binding sites for mannose per molecule. The turbidity of the suspension started to increase because of the aggregation of HAp crystals after addition of ConA, which indicates that the HAp crystals were wholly or partly covered by the polysaccharide chains of the CHM nanogel. CHM nanogel may limit the size of the hybrid nanoparticles by interacting with growing HAp crystals as well as providing them with excellent colloidal stability.
SILICA NANOPARTICLES SELF-ASSEMBLED INTO CHAIN-LIKE STRUCTURES
Sophisticated nanostructures in biominerals are often fabricated via assembly of preformed building blocks. For example, curved rods of silica assemble into basket-like lorica. 39 Similarly, CaCO 3 nanoplates assemble into necklace-like structures in the early stage of coccolith formation. 40 Such a controlled assembly of colloidal particles that act as building units have recently attracted much attention in materials science. 41 It has been found that colloidal silica nanospheres (SNSs) assemble into one-dimensional (1D) chain-like structures in water with the aid of a block copolymer, as described below. 42 Colloidal suspension of SNSs about 15 nm in size was prepared by the method reported by Yokoi et al. 43 This method uses a biphasic liquid system containing tetraethoxysilane, water and L-lysine as a catalyst to give monodisperse SNSs. SNSs are colloidally stable at around and above neutral pH because they are electrostatically repulsive (the isoelectric point of silica is pH 2-3). Block copolymer Pluronic F127 (BASF, Ludwigshafen, Germany) was used to mediate 1D assembly of SNSs. 42 F127 is a non-ionic triblock copolymer consisting of poly (ethylene oxide) and poly(propylene oxide) (PEO-b-PPO-b-PEO) with an average molecular weight of 12 600 and 70 wt% PEO content. F127 is known to adsorb onto silica surfaces via hydrogen bonding between the ether oxygen atoms of PEO and the silanol groups of silica. 44 F127 was dissolved in the SNSs suspension (F127/SiO 2 ¼ 1 (w/w)), the pH of the suspension was adjusted to 7.2-7.5, and the suspension was subjected to static incubation at 60 1C. A time-dependent turbidity profile of the suspension shows that turbidity increased gradually over 2 weeks, and the suspension eventually formed a weak gel (Figure 8a ). Cryogenic transmission electron microscopy revealed that a 1D chain-like structure of SNSs formed in the liquid phase (Figure 8b ). The number of connected SNSs increased with increasing incubation time.
The effect of F127 addition on a reaction system depends on its relative concentration. much smaller amount of F127 (F127/SiO 2 ¼ 0.1), the SNSs immediately aggregate because of bridging flocculation, wherein a polymer adsorbs onto two or more particles simultaneously. The mode of particle assembly is sensitive to the pH of the suspension. F127 was mixed with SNSs (F127/SiO 2 ¼ 1) and incubated at 60 1C for 7 days under various pH conditions between 8.0 and 6.0. At pH 8.0, the SNSs remained dispersed ( Figure 8c) ; at pH 7.5, 1D chains along with relatively unbranched straight structures were formed; at pH 7.0, bent chains with branches were formed ( Figure 8d) ; and at pH 6.0, more disordered SNSs assemblies were formed (Figure 8e ). This pH dependency may be explained by the reduction of electrostatic repulsion between SNSs. The charge density of SNSs decreases with decreasing pH because of the protonation of SiO -groups. It seems that the delicate balance between electrostatic repulsion between SNSs and F127-mediated attractive interaction is important for 1D assembly of SNSs.
The origin of the observed anisotropic assembly remains a question to be explored. Au nanoparticles surrounded by layers of crosslinked poly(stylene-block-acrylic acid) reportedly form 1D chains in the liquid phase. 45 In this case, 1D chains form by the transition of micelles in the block copolymer from spherical to worm-like, which also occurs in the absence of Au nanoparticles. In the present system, however, formation of worm-like micelles in the absence of SNSs was not observed, thus suggesting that a synergistic effect of F127 and SNSs might contribute to 1D assembly. The elucidation of the mechanism of the anisotropic assembly of SNSs as well as the exploration of novel synthetic route of building blocks [46] [47] [48] is under progress.
CONCLUSION
Inspired by biomineralization, a variety of nanocomposite materials--including polymer-CaCO 3 thin films, polymer-calcium phosphate nanoparticles and SNS chains--were fabricated in mild aqueous systems. The nanostructured materials can be constructed spontaneously in one-pot processes via the controlled growth of inorganic crystals or the self-assembly of building blocks, which are mediated by macromolecules. Given that relatively simple macromolecules are sufficiently effective for composite formation, there is still plenty of room for creativity in these bio-inspired materials syntheses. I expect that this research area will eventually integrate with areas involving state-of-the-art functional polymers and inorganic materials, which will lead to the development of novel materials that overcome the limitations of biotic materials. 
